An all-silicon optical platform (SiOP) that integrates a linear array of vertical (100-lm-deep) one-dimensional photonic crystals (1D-PhCs), with a different number of elementary silicon/air cells (from 2.5 to 11.5) and featuring a transmission peak around 1.55 lm, together with U-grooves (125-lm-wide) and end-stop-spacers for coupling/positioning/alignment of readout optical fibers in front of 1D-PhCs is reported. The SiOP is fabricated by electrochemical micromachining and characterized by measuring both reflection and transmission spectra of 1D-PhCs. An experimental/theoretical analysis of 1D-PhC features (transmissivity, quality factor, full-width-half-maximum) in transmission, around 1.55 lm, as a function of the number of elementary cells is reported. Silicon (Si) photonics envisions the possibility of moving signal processing from microelectronics to photonic circuits, thus increasing routing speed and reducing power dissipation.
Silicon (Si) photonics envisions the possibility of moving signal processing from microelectronics to photonic circuits, thus increasing routing speed and reducing power dissipation.
1 Photonic crystals (PhCs), made of 1D, 2D, and 3D (three-dimensional) periodic structures with sufficiently high refractive index contrast, offer the possibility to shrink silicon photonics down to the micrometer/nanometer scale and design/fabricate photonic basic-blocks by manipulating light/matter interaction at wavelengths either within or close to the photonic band gap (PBG) of these structures. [2] [3] [4] Application of silicon/air 1D-, 2D-, and 3D-PhCs to design and fabrication of miniaturized silicon-based photonic components, such as waveguides, cavities, couplers, splitters, gratings, and analog-to-digital converters, has been demonstrated so far. [5] [6] [7] [8] [9] [10] [11] [12] [13] Nonetheless, interfacing all-optical circuits exploiting PhCs with external optical fiber lines is a crucial problem still to be solved for an effective employment of PhCs in Si-photonics.
Vertical high-aspect-ratio (HAR) silicon/air PhCs able to control light propagation in a plane parallel to the silicon substrate represent a viable solution towards an efficient coupling of input/output (I/O) optical fibers with photonic chips.
14 Integration of U-grooves and mechanical components (i.e., end-stop-spacers, springs, etc.) together with vertical PhC-based blocks has been reported, allowing coupling/positioning/alignment of optical fibers with PhCs to be easily and safely performed. [15] [16] [17] [18] [19] Most of these works deal with silicon-on-insulator (SOI) wafers, for which the limited thickness of the top silicon layer reduces the etching depth and, in turn, the microstructure height to tens of microns. 18, 19 The use of standard and cheaper bulk silicon wafers that allow, at least in principle, etching depth of hundreds microns, therefore compatible to the diameter of standard optical fibers, to be achieved has been overlooked so far, mainly because of technological constraints of state-of-theart HAR etching technologies.
A few preliminary, interesting works towards the fabrication of 1D-PhC all-silicon optical platforms on standard silicon substrates have been recently reported. [15] [16] [17] Renilkumar and Nair proposed an interesting approach based on wet anisotropic etching, specifically Potassium Hydroxide (KOH), of (110)-oriented silicon wafers to fabricate vertical silicon/air 1D-PhCs-based Fabry-Perot filters together with U-grooves for optical fiber. 15 Chen et al. demonstrated the feasibility of a fiber-groove photonic crystal integrated system in which vertical silicon/air 1D-PhCs are etched by high-density chloridebased plasma process on a silicon substrate after preliminary fabrication of macroscopic fiber grooves by standard dry reactive ion etching (DRIE) process. 16 Hosomi et al. integrated vertical silicon/air 1D-PhCs by using cryogenic plasma etching on (100)-silicon substrate together with both input and output V-grooves, these latter obtained by wet anisotropic etching before PhC fabrication. 17 Although electrochemical micromachining (ECM) technology has been so far demonstrated very effective for the fabrication of silicon/air vertical 1D-, 2D-and 3D-PhCs, [22] [23] [24] integration of arrays of vertical silicon/air PhC-based blocks on the same chip with either active or passive mechanical/optical components, e.g., U-grooves and end-stop-spacers for optical fibers, has not been reported yet.
In this work, we show the application of ECM technology to the fabrication of a simple, all-silicon optical platform Height and width of U-grooves are set to 100 lm and 125 lm, respectively, on the basis of standard fiberoptic dimensions (9/125 lm core/cladding diameter). The height of the U-grooves also defines the height of any other structure etched on the same silicon chip.
The SiOP is fabricated in a single etching-step by exploiting advanced features of ECM technology, as sketched in Figure 1(b) . 20, 21 The starting material is n-type silicon substrate with a thin silicon dioxide layer on top. The pattern of the SiOP to be fabricated is defined on a photoresist layer by standard optical lithography, replicated onto the silicon dioxide layer by buffered-HF (BHF) etching through the photoresist mask (step 1), transferred into the silicon surface by KOH-etching through the oxide mask (step 2), and finally grooved into the silicon substrate by the back-side illumination electrochemical etching (BIEE). The BIEE is controlled over time to feature an initial anisotropic phase (step 3), which is used to define HAR microstructures, and a final isotropic phase (step 4), which is used to release sacrificial microstructures from the substrate. Combination of the dynamic control of BIEE isotropy/anisotropy with the use of sacrificial structures allows the simultaneous etching of both small (typical features of a few microns) and large (typical features of millimeter) areas to be performed at the same rate and with the same accuracy, thus eliminating a few major drawbacks of state-of-art dry etching technologies (i.e., lageffect, tilting, notching). Optical characterization of 1D-PhCs integrated in the SiOP and composed by different silicon/air cells is performed by recording both reflected and transmitted optical power spectra (see supplementary material 28 ) in the nearinfrared region (1.0-1.7 lm, at normal incidence) with a fiberoptic setup (see supplementary material 28 ) using readout fibers placed in the U-grooves, thus relaxing the alignment procedure and limiting the sources of alignment errors to the eccentricity of the fiber cores and fiber-to-fiber diameter variations. Reflected and transmitted power spectra are normalized according to the procedure reported earlier. 22 Theoretical reflection/transmission spectra are then numerically calculated by using the Transfer Matrix Method (TMM), which was modified to take into account both scattering losses 27 and limited resolution bandwidth of optical spectrum analyzer (OSA), 22 through best-fitting of measured spectra. Figure 3(a) shows both theoretical spectra (magenta traces) and measured spectra (blue traces) typical of 1D-PhCs with two elementary cells, i.e., 3 silicon walls and 2 air gaps, for both transmitted and reflected optical signals. Good matching between theoretical and experimental spectra is achieved over the whole spectral range, in reflection as well as in transmission. Both line-shape and spectral positions of low and high, this latter corresponding to PBGs, reflectivity regions are well superposed to high and low transmissivity regions, respectively. Optical losses of measured spectra in Figure 3(a) , which are about 3 dB in reflection and 10 dB in transmission at k ¼ 1.55 lm, include coupling losses of optical fibers with the PhC structure, besides scattering losses due to roughness of silicon/air interfaces through which light propagates. Although coupling losses cannot be easily estimated, scattering losses are modeled by taking into account scattering of incident light induced by rough interfaces for a given sequence of dielectric layers (e.g., silicon walls, air gaps) and allow to estimate the effect of surface roughness of silicon walls on the transmission signal of 1D-PhCs. With specific reference to Figure 3(a) , the fitting procedure yields a porosity value of 0.65 and a surface roughness rms value of 20 nm. Note that despite ECM-etched silicon surface being very smooth, the cumulative effect of the roughness over multiple interfaces significantly reduces transmitted optical power through the PhC structure.
Porosity and surface roughness values obtained by bestfitting experimental spectra over the whole measurement range of 1D-PhCs with 3 silicon walls are then used to calculate theoretical spectra of 1D-PhC with an increasing number of elementary silicon/air cells, specifically PhCs featuring 5 and 7 silicon walls, separated by 4 and 6 air gaps, respectively. Good matching between theoretical and measured spectra is obtained, both in reflection and transmission, also for these structures. Finally, transmissivity properties at 1.55 lm of the PhC structures with 3, 5, and 7 silicon walls are compared, in terms of transmissivity peak, full width at half maximum (FWHM) and quality factor (Q) of the transmission band, from theoretical and experimental point of views (Figures 3(b)-3(e) ). In Figures 3(b)-3(e) , the three parameters, normalized with respect to the maximum value, are reported as functions of the number of silicon walls of the PhC structures. Figures 3(b) and 3(c) show normalized transmissivity spectra and peaks around 1.55 lm, respectively, as a function of the number of silicon walls for three different PhCs integrated on the same SiOP. Transmission losses due to scattering within the PhC structures increase with the number of silicon/air interfaces, thus resulting in a reduction of the transmitted optical power. On the other hand, as the number of silicon walls of the PhC structures increases, a reduction of the FWHM combined with an increase of the Q factor of the transmission band around 1.55 lm is observed, according to theoretical predictions (Figures 3(d) and 3(e) ). Typical experimental FWHM and Q values range from 25 nm and 60.88 (3 silicon walls) to 19.6 nm and 70.13 (7 silicon walls), respectively. As the number of silicon walls of PhC structures increases over 7 the transmitted power further reduces reaching the noise level of the experimental setup. On the other hand, no significant changes of the reflectivity spectrum are observed increasing the number of silicon walls over 7.
In conclusion, vertical silicon/air 1D-PhCs able to simultaneously work both in reflection and transmission modes are integrated together with U-grooves and mechanical end-stop-spacers for optical fiber alignment/positioning by ECM technology. Optical characterization of ECM-fabricated vertical silicon/air 1D-PhCs is performed by measuring both reflection and transmission spectra in a wide spectral range, which includes the third telecom window, as a function of the number of silicon walls and, in turn, of the number of elementary silicon/air cells of the PhC structures. Measured and theoretical spectra, in reflection and transmission, are found to be in good agreement and highlight that the transmitted power significantly reduces as the number of silicon walls increases, reaching the noise level of the experimental setup when the number of silicon walls is increased over 7, despite the high optical quality of micromachined surfaces. On the other hand, for operation wavelength around 1.55 lm, both experimental and theoretical data demonstrate that FWHM decreases and Q increases as the number of silicon walls composing the PhCs increases.
Details on materials and methods used in this work are provided here below.
The layout design of ECM-fabricated PhC-SiOPs is carried out according to design rules of Ref. 20 . With specific reference to the PhC-SiOP of Figure 2 , anchor structures consist of a 2D-repetition of a 6Â6 square lattice of holes with side of 4 lm, pitch of 8 lm, and enclosed by a 6 lmwidth silicon frame; PhC consisted of 1D-array of 60-lmlong parallel lines with a width of 4 lm and a pitch of 7.6 lm; sacrificial structures consist of periodically arranged straight lines with width of 2 lm and pitch of 4 lm.
Fabrication of PhC-SiOP is carried out on n-type silicon substrates (Czochralski-grown, orientation h100i, resistivity 2.5-8.5 XÁcm) with 200-nm-thick silicon dioxide (SiO 2 ) layer on top.
A Microposit S-1818 photoresist (Shipley) film is deposited on the silicon substrate by spin-coating at 5000 rpm for 60 s and subsequent soft-baking on hot-plate at 115 C for 90 s. UV contact lithography system (MJB3 Karl-Suss) is used for exposing the photoresist layer to UV radiation. Photoresist development and post-baking are carried out by using 1:5(vol.) Microposit developer 351:H 2 O solution and hot-plate at 115 C for 90 s, respectively. Finally, the layout pattern is transferred to the SiO 2 layer by wet etching in a 6% wt. BHF solution for 120 s.
The pattern is transferred to the silicon substrate by the wet etching in a 25% wt. KOH solution, saturated with isopropanol to increase the etching uniformity, at 50 C. The etching time is chosen long enough to obtain formation of both full-V grooves and pyramidal-holes for patterned trenches and patterned pores, respectively. The SiO 2 masking layer is removed after KOH-etching by wet etching in a 1:1(vol.) HF (48%):ethanol (99.9%) solution.
The experimental setup used for the BIEE is exhaustively described in Ref. 20 . The electrolyte composition is 5% HF (vol.):95% H 2 O (vol.), with 1000 ppm of Sodium Lauryl Sulfate, which reduces the formation of hydrogen bubbles at the sample surface, thus enhancing etching uniformity. For the same reason, the solution is stirred during the BIEE. The etching voltage V etch is set to a constant value of 3 V for the entire etching process, while the etching current I etch is set to an initial value I etch0 ¼ 23.21 mA and linearly reduced during the etching in order to obtain a constant (nominal) porosity and, in turn, a perfect anisotropic etching throughout the whole etching depth. The etching time of the anisotropic phase t etch ¼ 3900 s is chosen to fully etch 95-lm-deep trenches. After that, BIEE is switched to isotropic phase by abruptly increasing the etching current from the value of 16.71 mA to 26.61 mA and kept at constant value for the next 150 s. The etching time of the isotropic phase is chosen long enough to completely release the sacrificial structures and to isotropically etch the silicon for a further depth of 5 lm.
Optical characterization of PhC-SiOP is carried out using a fiberoptic setup (see supplementary material 28 ). Radiation from a white light source (WLS) emitting in the near-infrared region is shined onto the front face of the 1D-PhC by means of a fiberoptic 50:50 coupler, which also carries the reflected light back to the OSA. Both reflected and transmitted optical signals are recorded by means of two optical analyzers (OSA Agilent 8614XB) using a resolution bandwidth (RB) of 10 nm. The optical fibers of this work are standard telecom SMF-28 (9/125/250 lm core/cladding/coating diameter) fibers exploiting tapered lensed termination (WT&T CL_USP) with approximately 20 acceptance angle, for recording reflected and transmitted optical power spectra. A beam spot diameter of about 5 lm on the front facet of the PhC is typically obtained. The fiber-tip/PhC optimal working distance is obtained by maximizing both the reflected and transmitted power in the near-infrared regions, and is of about 35 lm. The use of angled cleaved, bare fibers usually provides lower coupling efficiency.
Reflected power by the open fiber/air interface and transmitted power from input fiber to output fiber, without the presence of PhCs, are recorded and used as reference for normalizing reflected and transmitted optical power spectra, respectively. 
